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The individual environment, not 
the family is the most important 
influence on preferences for 
common non-alcoholic beverages 
in adolescence
Andrea D. Smith1, Alison Fildes1,2, Suzanna Forwood  3, Lucy Cooke1,4 & Clare Llewellyn  1
Beverage preferences are an important driver of consumption, and strong liking for beverages high 
in energy (e.g. sugar-sweetened beverages [SSBs]) and dislike for beverages low in energy (e.g. 
non-nutritive sweetened beverages [NNSBs]) are potentially modifiable risk factors contributing to 
variation in intake. Twin studies have established that both genes and environment play important 
roles in shaping food preferences; but the aetiology of variation in non-alcoholic beverage preferences 
is unknown. 2865 adolescent twins (18–19-years old) from the Twins Early Development Study were 
used to quantify genetic and environmental influence on variation in liking for seven non-alcoholic 
beverages: SSBs; NNSBs; fruit cordials, orange juice, milk, coffee, and tea. Maximum Likelihood 
Structural Equation Modelling established that beverage preferences have a moderate to low genetic 
basis; from 18% (95% CI: 10%, 25%) for orange juice to 42% (36%, 43%) for fruit cordials. Aspects of the 
environment that are not shared by twin pairs explained all remaining variance in drink preferences. 
The sizeable unique environmental influence on beverage preferences highlights the potential for 
environmental modification. Policies and guidelines to change preferences for unhealthy beverages 
may therefore be best directed at the wider environment.
Beverages are increasingly becoming substantial contributors to individual energy intake as the availabil-
ity and diversity of sugar-sweetened beverages (SSBs), fruit juices and other calorie-containing beverages 
continues to grow1. There is considerable concern about the increased consumption of SSBs, mainly because 
calorically-sweetened liquids have a weak satiety effect, which may result in poor energy compensation, and 
the development of overweight2. Negative health consequences are not limited to an increased risk of obesity, 
but also include the comorbidities associated with obesity – such as type 2 diabetes, cardiovascular disease and 
raised risk for various cancers – and dental caries. Global beverage consumption patterns have evolved in the 
past decades with a marked increase in the consumption of SSBs, although it appears that the market share for 
non-nutritive sweetened beverages (NNSBs) is gradually growing in importance. Purchases of lower sugar, zero 
calories soft drinks have for the first time overtaken regular soft drinks as the most popular soft drink type in the 
UK3. Nevertheless, the overarching shift towards greater consumption of SSBs, fruit juices and energy drinks 
among adolescents, in particular in low- to middle-income countries, highlights this as a key population at risk of 
the detrimental health risks associated with frequent consumption of energy-dense beverages4–6.
Preferences are important drivers of actual intake insofar as we tend to eat and drink what we like most. 
Stronger liking for beverages high in energy and decreased liking for beverages low in energy may therefore be 
important contributors to variation in intake. Preference for energy-dense beverages during adolescence may 
be especially detrimental to energy balance as consumption of these beverages peaks during this developmental 
period7.
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Understanding what shapes preferences for different types of beverages is a crucial first step towards the devel-
opment of interventions to modify them8. Twin studies are a powerful method for understanding the aetiology of 
behaviors and cognitions, because they establish the relative importance of genetic and environmental influences 
on variation in any given trait. Previous twin studies have established that individual differences in preferences for 
a range of foods have a moderate genetic basis in children (54% for vegetables, 27% for dairy and protein foods, 
and 20% for dessert foods)9,10, adolescents (54% for vegetables, 43% for snack foods, 54% for ‘healthy’ foods, and 
39% for meat)11,12 and adults (30–38% for high fat, salt and sugar foods, 40% for ‘healthful’ foods, 58% for ‘distinc-
tive’ tastes, and 36% for fruit and vegetables)13,14; yet the aetiologies of preferences for a variety of non-alcoholic 
beverages are yet to be established. Two previous twin studies examined genetic and environmental influences 
on preferences for coffee15,16, finding moderate genetic influence (42% in Luciano et al., 2005 and 62% in Vink et 
al., 2009). However, both studies defined coffee preference as a relative preference to tea, indexed as the ratio of 
number of cups of coffee to tea, consumed per day, rather than absolute liking of coffee per se.
Food and beverage preferences may differ substantially with respect to their aetiology. There is a need for 
studies to investigate the relative contribution of genetic and environmental factors to variation in preferences for 
a range of different types of beverages to inform where best to direct public health initiatives aimed at decreasing 
consumption of energy-dense beverages, especially among adolescents. The objective of this study was there-
fore to establish the relative importance of genetic and environmental influences on preferences for a range of 
non-alcoholic beverages among older adolescents.
Subjects and Methods
Sample. Participants were drawn from the Twins Early Development Study (TEDS), a population-represent-
ative cohort of 16,810 families with twins born in England and Wales in 1994–9617. The TEDS sample is largely 
representative of the UK population17. For the current study, twins were from a subsample of pairs born between 
September 1995 and August 1996. Invitations to complete an online beverage preference questionnaire were sent 
by letter and e-mail to the entire sub-sample (3166 pairs; n = 6332 individuals). Participation was rewarded with 
a £10 voucher to complete the survey and entry into a prize draw to win a pair of iPad Minis. Entry into the prize 
draw was conditional on completion of the questionnaire by the co-twin, to encourage responses from complete 
twin pairs. Participants provided informed consent. Procedures followed were in accordance and approved by the 
King’s College London Institute of Psychiatry ethics committee.
3155 of 6332 invited (49.8%) individuals agreed to participate in the current study. Of those, 290 were 
excluded due to medical- or perinatal problems, or due to unknown sex or zygosity. The final sample consisted 
of 2865 individuals, representing 1010 monozygotic twin individuals, 908 dizygotic same-sex (DZss) twin indi-
viduals, and 947 DZ opposite-sex (DZos) individuals. Of the excluded participants, 52 (17.9%) were MZs, 156 
(58.6%) were DZs and 82 (21.8%) were of unknown zygosity. Excluded individuals did not differ significantly by 
zygosity (F (1, 3496) = 7.01, p = 0.08) or for factors that may be linked with beverage preferences such as health 
status (χ² = 5.918, p = 0.15) or BMI (t = 0.45, p = 0.65).
Measures
Sociodemographic measures and zygosity. Basic demographic information had been collected at first 
contact (age 18 months), including data on date of birth, sex, birth- or medical complications and socioeconomic 
status. Participants reported current height and weight, which was used to compute body mass index (BMI), 
calculated by dividing weight by height squared (kg/m2). Zygosity of same-sex twin pairs had previously been 
assigned using a parent-rated similarity questionnaire, validated by DNA analysis and shown to be >95% accu-
rate18. Pairs for whom zygosity was uncertain had their zygosity determined by DNA genotyping, if DNA was 
available.
Beverage preferences. As part of a wider study focused on studying food preference patterns in adoles-
cence, seven beverage types were included in a comprehensive online self-report food preference questionnaire. 
Participants were instructed to rate their liking for sugar-sweetened beverages (SSBs) (‘non-diet fizzy beverages 
(e.g. Coca Cola, Pepsi)’), non-nutritive sweetened beverages (NNSBs) (‘diet fizzy beverages (e.g. Diet Coke, Pepsi 
Max)’), fruit cordial (‘Ribena or other fruit squash (e.g. orange squash)’), ‘orange juice’, ‘milk’, ‘tea (unsweetened)’, 
and ‘coffee (unsweetened)’ on a 5-point Likert scale, anchored by ‘not at all’ to ‘a lot’. For the ‘tea’ and ‘coffee’ 
items, separate questions enquired about preferred add-ins (e.g. addition of milk or any type of sweetness), but 
these preferences were not included in the present study. Higher scores indicated greater liking of that type of 
beverage. Paired-samples t-tests were used to compare mean group preferences for all seven beverage types. For 
any beverage types that had never been tasted or were unfamiliar, participants were instructed to select a ‘Not 
applicable’ option.
Test-retest reliability of the beverage preference questionnaire was assessed over a two-week period using a 
sample of the twins’ siblings. Of the 205 siblings invited to complete the online test-retest of the beverage ques-
tionnaire, 94 siblings provided responses at both rounds of data collection. Mean beverage preference test-retest 
scores indicated that responses were reliable over a 2-week period, with test-retest coefficients as follows: 0.69 for 
tea, 0.72 for orange juice, 0.77 for coffee, 0.85 for milk, 0.86 for SSBs, 0.89 for fruit cordial, and 0.93 for NNSBs.
Statistical analysis. Twin analyses were used to estimate genetic and environmental influence on variation 
in preference for each of the seven beverage types.
The basis of the twin method is to compare the degree of resemblance between identical (monozygotic, MZ) 
pairs who share 100% of their genes, with that between non-identical (dizygotic, DZ) pairs who share approxi-
mately 50% of their segregating genes. The more similar MZ pairs are for a trait than DZ pairs, the stronger the 
genetic contribution to that trait. This inference is based on the assumption that MZ twins are twice as similar 
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genetically compared to DZs, but both types of twins share their environments to a very similar extent19. The sta-
tistic derived to estimate the genetic contribution is called ‘heritability’ (A; additive genetic influences), and can 
be thought of as an index of the genetic effect size; heritability quantifies the proportion of trait variation attrib-
utable to genetic variation. As well as estimating genetic influence, the twin method partitions sources of envi-
ronmental influence into: (i) aspects that are completely shared by both twins and contribute to their similarity, 
such as the home environment, SES and schooling experiences (‘shared environmental influences’); and (ii) and 
aspects that are unique to each twin in a pair and contribute to differences between pairs, such as having different 
friends or bouts of illness experienced by only one of the twins (‘unique environmental influences’). Variation 
is therefore attributed to three components of variance: additive genetic influences (A), shared environmental 
influences (C) and non-shared environmental influences (E). The unique environmental component of variance 
also includes random measurement error.
Intra-class correlations (ICCs) were calculated for beverage preference scores for MZ and DZ pairs to provide 
an indication of the pattern of similarity for the two types of twins. Maximum Likelihood Structural Equation 
Modelling (MLSEM) was used to derive precise estimates of A, C and E (with 95% confidence intervals and 
goodness-of-fit statistics) based on the expected structure of the variance-covariance matrices for MZs and DZs, 
based on the assumptions of genetic relatedness and equal environments (e.g. MZ covariation reflects the fact that 
they share all of their genes and all of their shared environments, rMZ = 1 A + 1 C; on the other hand, DZ covar-
iation reflects the fact that they share half of their genes, but all of their shared environments, rDZ = 0.5 A + 1 C). 
Non-additive genetic effects, denoted by ‘D’, can also be investigated in a separate model that includes D instead 
of C (A, D and E), but D and C cannot be estimated in the same model with twins only. MZ ICCs that are 
greater than twice the DZ ICCs (ICCMZ > 2 ICCDZ) indicate non-additive genetic effects contributing to variation. 
Because beverage preference scores were skewed, an alternative approach to deal with such variables is to sum-
marize preference scales and to dichotomize them by the median value of the scale. Instead of ICC’s, tetrachoric 
correlation coefficients (TTC’s) are calculated to estimate phenotypic concordance rates for both types of twins.
Preference ratings for each of the beverage types were regressed on age and sex prior to modelling because 
twins share their age exactly (and sex for same-sex twins), and these factors can therefore inflate the shared envi-
ronmental effect20. Prior to estimating A, C and E, a saturated model was fitted which applies no constraints to 
the data, and simply estimates means, covariances and variances for MZs and DZs. The model specifying A, C 
and E (ACE model) was then compared to the saturated model for goodness-of-fit, using the Likelihood Ratio 
Test (LRT) and the Akaike Information Criterion (AIC). According to the LRT a significant change in fit from 
the saturated model to a specified model indicates worsening of fit; a non-significant change indicates that the 
ACE model fits the data well (i.e. no significant change in fit). A lower AIC value indicates a better fitting model, 
with a difference of >2 indicating a superior model (AIC was also used for comparing non-nested models; e.g. 
to compare an ACE to an ADE model). Submodels that dropped A or C or A and C were then tested against the 
full ACE model to find a more parsimonious model. Just as for continuous traits, a liability threshold model was 
used to estimate A, C, and E for categorical (i.e. dichotomized) data. Sex-limitation models were also tested for 
each beverage type, to establish if there were sex-specific effects. These models test whether the magnitude of A, 
C and E differ for males and females (quantitative sex-differences), and whether the genetic and environmental 
influences are the same or different for males and females (qualitative sex differences)21. MLSEM was performed in 
R22, using the structural equation modelling software OpenMx, version 2.2.623. The datasets generated during and 
analysed during the current study are available from the corresponding author on reasonable request.
Results
Characteristics of the sample are shown in Table 1. Mean age of the sample was 19.1 years (SD = 0.3), and the 
sample was reasonably lean (mean BMI = 22.3 kg/m2). 40.2% of participants were male, and the MZ/DZ ratio 
(MZ pairs = 35.3%) reflected that of the general European twin population (roughly 1:2)24.
Table 2 summarizes mean preference scores for each beverage type. Orange juice was the most popular bever-
age, with the highest mean preference score, and NNSBs were the least liked indicated by the lowest mean score. 
There were significant differences in mean preference scores across all beverage pairings (p < 0.01) apart from 
between liking for fruit cordial ([4.23 (SD = 1.02)] and milk [4.22 (SD = 0.95)], t(2702) = 0.166, p = 0.87).
The MZ and DZ intraclass correlations for the seven beverage types are also shown in Table 2. For each bev-
erage type within-pair correlations (ICCs) for MZs were moderate and higher than for DZs, indicating a genetic 
Characteristic
Sample
[n (%)]
Sex
M 1152 (40.2)
F 1713 (59.8)
Zygosity
MZ1 1010 (35.3)
DZ1 1855 (64.7)
Age (SD) 19.1 (0.3)
BMI (SD) 22.3 (4.2)
Table 1. Demographic characteristics of the study sample (n = 2865). 1Abbreviations: MZ = Monozygotic; 
DZ = Dizygotic.
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contribution to preferences for each type of beverage. For liking of SSBs, orange juice, milk, tea, and coffee the MZ 
ICCs were more than twice the magnitudes of the DZ ICCs.
MLSEM was used to derive A, C and E for each beverage type. Heritability estimates (A) across all beverage 
types were moderate to low for each of: fruit cordial (0.42; 95% CI: 0.36, 0.43), NNSBs (0.41; 95% CI: 0.34, 0.47), 
tea (0.41; 95% CI: 0.32, 0.50), SSBs (0.36; 95% CI: 0.29, 0.51), milk (0.32; 95% CI: 0.25, 0.40), coffee (0.29; 95% CI: 
0.17, 0.40), and orange juice (0.18; 95% CI: 0.10, 0.25). The 95% confidence intervals demonstrated that genetic 
influences were significantly higher for liking of SSBs, NNSBs, tea and fruit cordial, than for liking of orange 
juice. No significant influence of the shared environment was observed for liking of any of the beverages, with the 
remaining variance being explained by environmental effects unique to each individual twin. AE models (that 
dropped the C component of variance) were therefore preferred for each beverage type. The relative contribution 
of genetic and environmental influences on individual beverage preferences are shown in Fig. 1, and the ACE 
model results with goodness-of-fit statistics are shown in Table 3.
Because the MZ ICCs were greater than twice the DZ ICCs for SSBs, orange juice, milk, tea, and coffee prefer-
ence scores, suggestive of some non-additive genetic effects, ADE models were also examined and compared to 
ACE models (Supplemental Table 1). For liking of orange juice, milk and tea, the ADE model provided a better fit 
than the ACE model (ΔAIC = 7.8, 4.07 and 24.19 respectively), but no significant non-additive genetic effects (D) 
were found. AE models therefore provided the most parsimonious solutions across all beverage types. Similarly, 
because scale scores were skewed for orange juice, milk, tea and coffee, threshold models (treating beverage pref-
erence scores as binary traits) were considered as well as the models of continuous data. However, the genetic and 
environmental aetiology estimates from the threshold models did not differ significantly from the results shown 
in Table 3. Due to the loss in statistical power to estimate genetic variance components accurately when a trait is 
modelled as a binary rather than a continuous variable, results from the liability threshold models are shown in 
the supplemental materials (Supplemental Tables 2 and 3).
Similarly, results from the sex-limitation models found no strong evidence of significant sex differences. 
Parameters estimates and goodness-of-fit statistics for the full qualitative and quantitative sex-limitation models 
are shown in Supplemental Tables 4–11.
Beverage item n1 (%)2 Mean preference score3 (SD) MZ4 ICC4 (95% CI) DZ4 ICC4 (95% CI)
SSBs4 2841 (99.2) 3.73 (1.37) 0.383 (0.301, 0.458) 0.155 (0.085, 0.223)
NNSBs4 2827 (98.7) 3.64 (1.34) 0.393 (0.221, 0.384) 0.222 (0.155, 0.288)
Orange juice 2849 (99.4) 4.43 (0.97) 0.261 (0.174, 0.345) 0.000 (0.000, 0.051)
Fruit cordial 2847 (99.3) 4.23 (1.02) 0.422 (0.344, 0.494) 0.212 (0.142, 0.280)
Milk 2707 (94.5) 4.22 (0.95) 0.377 (0.289, 0.457) 0.091 (0.013, 0.168)
Tea 2415 (84.3) 4.31 (1.08) 0.532 (0.450, 0.604) 0.000 (0.000, 0.066)
Coffee 1905 (66.5) 3.85 (1.29) 0.341 (0.214, 0.453) 0.069 (0.000, 0.172)
Table 2. Beverage preference scores and intraclass correlations (ICC) by zygosity. 1Number of observations 
included in mean beverage liking score (excl. observations from individuals that never consume the specific 
beverage). 2Percentage of the full sample that reported occasional consumption of the beverage. 3Preference 
scores were rated on a 5-point Likert scale, with a higher score indicating a higher preference for the beverage 
item. 4Abbreviations: ICCs: Intraclass Correlations; MZ: Monozygotic; DZ: Dizygotic; NNSBs: Non-nutritive 
sweetened beverages, SSB: Sugar-sweetened beverages.
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Figure 1. Genetic and environmental influences for the preference of seven non-alcoholic beverages. 
1Estimates of the percentage of variance in beverage preferences explained by genetic (black portions of bars) 
and environmental (gray portions of bars) factors in 2865 participants from the Twins Early Development 
Study, aged 18–19 years.
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Discussion
Summary of findings. This is the first paper to establish the relative importance of genetic and environmen-
tal influences on liking for a range of non-alcoholic beverages, in a large population-based sample of older adoles-
cent twins. Liking for SSBs, NNSBs, fruit cordial, orange juice, milk, coffee, and tea are entirely shaped by genetic 
and unique environmental influences in this age group. There was no detectable influence of the shared envi-
ronment, which includes aspects of the environment completely shared by twin pairs; such as growing up in the 
same home, having the same parents, or shared schooling experiences. This suggests that shared environmental 
Beverage type
Additive genetic 
effect (A)
Shared environment 
effect (C)
Nonshared 
environment effect (E) -2LL3 Df3 AIC3 Δ -2LL p-value
SSBs3
Sat 9609.825 2832 3945.825
ACE1 0.36 (0.26, 0.43) 0.00 (0.00, 0.09) 0.64 (0.57, 0.71) 9614.843 2835 3944.843 5.018 0.170
AE2 0.36 (0.29, 0.43) — 0.64 (0.57, 0.71) 9614.843 2836 3942.843 0 1
CE2 — 0.24 (0.19, 0.29) 0.76 (0.71, 0.81) 9631.547 2836 3959.547 16.704  < 0.001
E2 — — 1.00 (1.00, 1.00) 9703.572 2837 4029.572 72.025  < 0.001
NNSBs3
Sat 9545.841 2818 3909.841
ACE1 0.35 (0.15, 0.47) 0.05 (0.00, 0.20) 0.60 (0.55, 0.68) 9546.322 2821 3904.322 0.481 0.923
AE2 0.41 (0.34, 0.47) — 0.59 (0.53, 0.66) 9546.719 2822 3902.719 0.397 0.529
CE2 — 0.28 (0.23, 0.33) 0.72 (0.67, 0.77) 9557.576 2822 3913.576 11.254  < 0.001
E2 — — 1.00 (1.00, 1.00) 9660.699 2823 4014.699 114.377  < 0.001
Orange juice
Sat 7844.431 2840 2164.431
ACE1 0.18 (0.09, 0.25) 0.00 (0.00, 0.04) 0.82 (0.75, 0.90) 7862.541 2843 2176.541 18.11  < 0.001
AE2 0.18 (0.10, 0.25) — 0.82 (0.75, 0.90) 7862.541 2844 2174.541 0 1
CE2 — 0.08 (0.03, 0.14) 0.92 (0.86, 0.97) 7873.266 2844 2185.266 10.725 0.001
E2 — — 1.00 (1.00, 1.00) 7881.523 2845 2191.523 18.982  < 0.001
Fruit cordial
Sat 8031.215 2838 2355.215
ACE1 0.42 (0.23, 0.48) 0.00 (0.00, 0.15) 0.58 (0.52, 0.90) 8034.727 2841 2352.727 3.512 0.319
AE2 0.42 (0.36, 0.48) — 0.58 (0.52, 0.64) 8034.727 2842 2350.727 0 0.998
CE2 — 0.29 (0.24, 0.34) 0.71 (0.66, 0.76) 8051.672 2842 2367.672 16.945  < 0.001
E2 — — 1.00 (1.00, 1.00) 8157.514 2843 2471.514 122.787  < 0.001
Milk
Sat 7269.105 2698 1873.105
ACE1 0.32 (0.25, 0.40) 0.00 (0.00, 0.06) 0.68 (0.60, 0.75) 7281.350 2701 1879.350 12.245 0.007
AE2 0.32 (0.25, 0.40) — 0.68 (0.60, 0.75) 7281.350 2702 1877.350 0 1
CE2 — 0.20 (0.14, 0.26) 0.80 (0.74, 0.86) 7298.526 2702 1894.526 17.176  < 0.001
E2 — — 1.00 (1.00, 1.00) 7340.874 2703 1934.874 59.524  < 0.001
Tea
Sat 7098.183 2406 2286.183
ACE1 0.41 (0.32, 0.50) 0.00 (0.00, 0.03) 0.59 (0.50, 0.68) 7134.002 2409 2316.002 35.82  < 0.001
AE2 0.41 (0.32, 0.50) — 0.59 (0.50, 0.68) 7134.002 2410 2314.002 0.00 1
CE2 — 0.19 (0.12, 0.26) 0.81 (0.74, 0.88) 7171.829 2410 2351.829 37.83  < 0.001
E2 — — 1.00 (1.00, 1.00) 7201.412 2411 2379.412 67.41  < 0.001
Coffee
Sat 6351.94 1896 2559.94
ACE1 0.29 (0.12, 0.39) 0.00 (0.00, 0.11) 0.71 (0.61, 0.83) 6358.921 1899 2560.921 6.9809 0.07
AE2 0.29 (0.17, 0.40) — 0.71 (0.61, 0.83) 6358.921 1900 2558.921 0 1
CE2 — 0.17 (0.09, 0.25) 0.83 (0.75, 0.91) 6366.625 1900 2566.625 7.7045  < 0.001
E2 — — 1.00 (1.00, 1.00) 6382.128 1901 2580.128 23.208  < 0.001
Table 3. Model fit and parameter estimates for the saturated, ACE model and submodels of beverage 
preferences. Maximum Likelihood Structural Equation Modelling (MLSEM) was used to derive estimates 
of A, C and E, as well as provide two goodness-of-fit statistics; -2LL and the AIC respectively. The selection 
of the most parsimonious model was indicated by the p-value and the lowest absolute value of the AIC. 1The 
full ACE model was nested within the saturated model. 2Sub-models were nested within the full ACE model. 
3Abbreviations; - 2LL: -2 times log-likelihood of data, df: degrees of freedom, AIC: Akaike Information Criterion 
(AIC), NNSBs: Non-nutritive sweetened beverages, SSB: Sugar-sweetened beverages.
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factors are unimportant in shaping preferences for non-alcoholic beverages for older adolescents, a developmen-
tal period characterised by a marked increase in autonomy in relation to dietary behaviour.
Similar to previous studies on the aetiology of food preferences, variation for the liking of seven beverage 
types was found to have a small to moderate genetic basis. Two previous studies have investigated the genetic and 
environmental contributions to relative liking for coffee (over tea), showing that approximately 42% to 62% of 
variation in coffee preference was attributable to genetic differences between adults15,16. These estimates are at the 
higher end of those observed in the current study (ranging from 18% for orange juice to 42% for fruit cordial). 
The preference ratings for coffee likely encompass genetic sensitivity to, and enjoyment of, the stimulation pro-
vided by caffeine. However, not only coffee but many other carbonated fizzy beverages contain caffeine, a psycho-
active substance that may be a key driver of beverage liking. Gareth and Griffins (1998) suggested the liking for 
fizzy caffeinated beverages may be reinforced by the invigorating effect of caffeine, and avoidance of withdrawal 
symptoms, rather than an affinity for the actual flavour of the beverage25. These studies suggest that both direct 
genetic variability in the biological caffeine-response (e.g. polymorphisms in the caffeine metabolism pathway), 
and the more indirect psychological mechanisms (e.g. sensitivity to caffeine-induced anxiety) might be influenc-
ing caffeinated beverage preference scores26.
In line with the heritability estimates for SSBs, NNSBs, and fruit cordial observed in the present study, one 
previous twin study showed variation in liking for ‘sweet and high carbohydrate foods’ which included diet-and 
non-diet soft beverages and fruit juices, to be moderately heritable (52%) in a large sample of adults (n = 2596)14. 
However, this estimate only provides limited comparability due to sweet foods and beverages being combined in 
this category.
Sweetness dominates as the underlying taste of SSBs, NNSBs, fruit cordial, orange juice, and to some extent 
for the natural sweetness of milk. Finding moderate genetic influence on liking for non-alcoholic beverages may 
in part reflect genetically-determined sensitivity or preference for sweetness. A previous twin study found that 
sweetness sensitivity for two different sugars (glucose and fructose) and two different non-nutritive sweeteners 
(aspartame and neohesperidine dihydrochalcone), was largely explained by a common genetic pathway underly-
ing them all; this suggests a genetically-determined predisposition towards liking for sweet flavours in general27. 
In addition, a family study found that the pleasantness ratings for a strong sweet solution (41%), the pleasantness 
rating (40%) and frequency of consumption (50%) of sweet foods, and craving for sweet foods (31%) were all 
moderately heritable28. To date no genome-wide association study has been undertaken to identify common 
genetic variants associated with sweetness preference, but this is likely the result of the limited availability of data 
on sweetness preference measures in large samples with genome-wide genotyping. However, polymorphisms 
in the sweet taste receptor genes T1R2 and T1R3 have been associated with variation in sugar consumption29 
and sucrose taste sensitivity30. Evidence from a mouse study suggests that sweetness perception is reliant on the 
functionality of taste receptor subunits T1R1/T1R3. Zhao et al. (2003) observed that mice knockout models for 
these genes fail to respond to stimulation by sweetness31, implicating genetic variability in these genes as plausible 
contributors to the observed genetic basis of beverage preference scores.
The liking scores for tea and coffee in this study enquired about their unsweetened variety, meaning that 
these were the only non-sweet beverages considered. Evidence from a recent twin study (n = 1901; mean age: 
16.2 y) found considerable correlations (r = 0.35–0.40) between the mean perceived intensity of a “sweet factor” 
(comprising intensity ratings for glucose, fructose, neohesperidine dihydrochalcone, and aspartame) and percep-
tion intensity of three bitter solutions (sucrose octa-acetate, quinine, and caffeine). The correlations were largely 
explained by shared genetic influences, with 8% of sweetness perception and 17–37% of the bitterness perception 
ratings attributable to genes common to both traits. In addition, the magnitude of the heritability of sweetness 
perception (36%) and bitterness perception (35–40%) were at a similar level32. The results from this study agree 
with our findings that heritability estimates did not differ significantly between sweet beverage types (18–42% for 
SSBs and NNSBs) and non-sweet types (29–41% for tea and coffee). However, it is important to note that the sam-
ple sizes were slightly lower for coffee and tea as the mean scores for this group only included those participants 
who reported drinking these hot beverages, and this may have influenced the heritability estimates for the liking 
of these non-sweet beverages.
Variation in preferences for beverages was influenced strongly by individual environmental factors (e.g. 
friends, lifestyle choices), and less so by genetic factors (shared environmental factors were undetectable). This 
was especially the case for orange juice, coffee and milk, for which 82%, 71%, and 68% of variation in preference 
scores were explained by unique environmental factors, respectively. The strong influence of the unique (versus 
shared) environment, reflects the lifestyle changes experienced by adolescents. Adolescence is a period of transi-
tion towards independence and autonomy, with greater time spent interacting with peers outside the home, and 
conforming to perceived societal- and peer pressures. In this respect, (social) media and the commercial food and 
beverage environment may start to replace family rules and habits (learned at home), exerting a stronger influence 
on food and beverage choices. While young adults are experiencing these changes, it is important to consider that 
these are embedded in a wider societal context. For instance, indicators of lower SES have previously been identi-
fied as determinants of higher SSB intake and intake of dietary energy from sweetened beverages, overall7,33. The 
association between lower SES and higher SSB consumption has been demonstrated in high-income countries 
such as the UK and USA7,34. No equivalent study has yet investigated the role of SES influencing non-alcoholic 
drink preferences. In our study, we found no effect of the shared environment but this does not mean that SES 
is unimportant. As has been previously suggested in an elegant piece of work by Plomin (2011), growing up in a 
shared household may be experienced differently by each individual living in that same household. As such, the 
unique experience of SES may be contributing to the substantial unique environmental influence on beverage 
preferences seen in our study, even though SES intuitively may be considered a shared-environmental factor35.
During adolescence, individuals likely begin to diversify the food and drinks they consume, while developing 
an appreciation for more complex flavours (e.g. the bitterness in alcoholic beverages, vegetables)36. Interestingly, 
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variation in beverage preferences appeared to have a slightly higher environmental influence than variation in 
food preferences, measured in this sample at the same age11. For instance, the present study demonstrated a 
relatively low estimate for the heritability of orange juice preference (18%) compared to fruit preference (49%) 
(which included the liking for oranges). This suggests that liking of beverages does not simply reflect flavour but 
also includes factors such as texture, intensity of sweetness, effort involved in consumption etc.37.
Perhaps more importantly, our results indicate that beverage preferences may have even greater potential 
for environmental modification than food preferences. This is encouraging given the concern regarding high 
intake of SSBs, and may reflect the potent marketing strategies of SSB manufacturers in the UK. However, other 
macro-level factors such as SES and the precise mechanism by which these determinants affect SSB intake and 
preferences will require more research if environmental intervention is to shift drink choices towards healthier 
options.
Strengths and limitations. Although this is the first study to examine the aetiology of a range of 
non-alcoholic beverage preferences, only a limited number of beverage types were included in the questionnaire. 
In particular, sports beverages, energy drinks, and smoothies were not included, although adolescents are by 
far the most frequent consumers, and the largest growing consumer group of energy and sports drinks3,38. In 
addition, the measure of liking of fruit cordial did not distinguish between sugar- or artificially-sweetened fruit 
cordial. However, as this was the first study to investigate preference for non-alcoholic beverage types, these broad 
beverage preference categories will serve as a base to inform future studies which aim to investigate beverage con-
sumption behaviours in more detail. For instance, it would be valuable to investigate the aetiology for the liking 
of water, which is the beverage type consumed most frequently in this age group39.
Preference scores were based on self-report, which is subject to bias; it is possible that adolescents underre-
ported liking for beverages typically considered as “unhealthy”. SSB consumption has previously been found to be 
underreported by up to 30–40% when validated against an objective blood biomarker40, and this type of underre-
porting has been shown to increase with BMI41. However, most participants in this study had a healthy BMI, and 
the questionnaire data were collected anonymously.
It is possible that beverage preferences are susceptible to short-term variation, influenced by recent consump-
tion or exposure to certain tastes or diets in the period preceding measurement42,43. However, the test-rest pilot 
study of this questionnaire indicated that beverage preference scores were reasonably reliable over a two-week 
period.
We only identified two twin studies that had investigated genetic and environmental influence on beverage 
preferences, and both examined coffee only. Further research is therefore needed to replicate our findings, and to 
establish if the aetiology of beverage preferences varies with developmental stage (e.g. toddlerhood, early child-
hood or adulthood). This is especially warranted given that energy consumed from beverages now accounts for 
a substantial proportion of energy intake in the modern diet, with roughly 20% of people’s daily calories coming 
from beverages44,45. The sample were predominantly white British and lean, so the results need replicating in 
more diverse samples. Likewise, we were not able to assess whether the drink preferences of this sample were 
comparable to the preferences of the UK general population. Rates of underweight (10%) were higher in this 
subsample of TEDS, and rates of overweight (13.4%) and obesity (4.5%) were lower, relative to the UK population 
for this age group (underweight = 8%; overweight = 21%; obese = 16%)46. This may perhaps indicate that they 
may not entirely be representative in terms of dietary factors because they were considerably leaner. Nevertheless, 
participants were drawn from the TEDS study which has been shown to be reasonably representative in terms 
of important sociodemographic characteristics of the UK general population47. While these indicators do not 
include the primary variables under consideration, this observation suggests these findings were obtained from 
a sample representative of the UK’s young adult (18–19 y.) population. Nevertheless, caution is warranted before 
the results of the study are generalised to larger, more diverse populations.
However, the large sample size and narrow age-range were strengths that allowed reliable estimates for bever-
age preferences to be established for an important developmental phase.
It was unknown whether the twins had already left home or were residing in a shared home at the time of 
data collection. The twin method relies on the assumption that MZs and DZs share their environments to a very 
similar extent, so if more MZs lived together than DZs (or had more frequent contact), the MZ similarity could 
be inflated, artificially inflating heritability. Although we were unable to rule this out, previous studies have tested 
the equal environments assumption and found it to be valid48.
Lastly, focusing on beverage preferences rather than beverage intake or consumption frequency, has several 
advantages. Arguably, beverage preferences can be measured more accurately than actual intake, using a prefer-
ence questionnaire that includes a comprehensive list of beverage types distributed to a large population sam-
ple; overcoming the high cost and inaccuracies of dietary intake assessments49. Preferences are one of the most 
important drivers of actual intake and have been identified as useful predictors of nutrition-related disease risk50. 
Understanding the origins of preferences therefore provides useful insights into the factors that need to be targeted 
by public health programmes to modify consumption (e.g. decreasing intake of SSBs).
Implications and future research. We established that the largest proportion of variation in beverage 
preferences in late adolescence is determined by factors in the individual environment. This highlights the poten-
tial for modification via public health initiatives aimed at the wider environment. At the same time, this suggests 
that targeting the family home environment is unlikely to modify beverage preferences among adolescents. One 
might look towards regulating the marketing strategies used to maximise consumption of energy-dense bever-
ages for insights into how to reduce preferences for them. Current national and international obesity policies 
adopt a child-centric approach, focusing on regulating and restricting the obesogenic influences such as targeted 
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advertisement of energy-dense food and drinks at children51. Preventing excessive weight gain in childhood 
is a public health priority as a high BMI in childhood is a predictor of overweight or obesity in adulthood52,53. 
However, adolescents’ rates of obesity are rising more rapidly compared to the rest of the adult population54, and 
maintenance of energy balance and healthier dietary intake in this age group also has great potential for disease 
prevention55. While children are rightly considered vulnerable members of society56, it is short sighted to assume 
that once a child transitions into ‘adolescence’ they should be fully exposed to the unregulated commercial pres-
sures of the permissive food and drink environment. Arguably, adolescence is an especially vulnerable develop-
mental period during which individuals are particularly susceptible to social pressures57,58. The food and drink 
industry employ sophisticated strategies which capitalize on this vulnerability to influence adolescents’ attitudes 
and consumption intentions of their products59. Our finding suggests that there might be further population 
health to be gained if commercial strategies that target young adults are submitted to the same level of regulation 
as marketing strategies that target younger children60.
Previous interventions aimed at changing preferences for foods and beverages, rather than intake, have almost 
exclusively been undertaken in children perhaps because children’s behaviours are considered to be more mal-
leable61,62. There is also wider support for interventions targeted at children, while interventions aimed at adults 
can be perceived as the enforcement of ‘nanny state’ policies that restrict personal choice. To date, there are two 
studies providing experimental evidence of adult sweetness preference modification63,64. Both studies suggest that 
self-imposed reduction of sugar and sweetener intake over the course of 2 weeks63 to 3 months64 has the potential 
to reduce preferred sweetness levels in food and beverages. Future experimental studies are needed to test the fea-
sibility of such an approach specifically aimed at the modification of sweetness intensity preferences in beverages, 
and if this taste preference modification can be maintained in the long-term.
Conclusion
Beverage preferences in this sample were found to be under low to moderate genetic influence, and were not 
influenced by aspects of the environment completely shared by adolescent twin pairs. This suggests that chil-
dren’s early shared family experiences may not have lasting effects on beverage preferences but further research 
will be required to establish whether shared environmental influences may become important again in later life. 
Reducing the consumption of free sugar at the population-level has in the past years moved to the top of the 
public health agenda, culminating in the revision of the recommended total daily energy intake from free sugars 
to <10% by the WHO65. At the same time, decreasing obesity levels remain a priority for governments world-
wide. Beverages, especially SSBs and other energy-dense beverages are a major contributor to both problems, and 
yet population consumption levels of these types remain high. Our study emphasizes the importance of unique 
environmental factors in shaping non-alcoholic beverage preferences, highlighting the potential to modify prefer-
ences for unhealthy beverages by national public health programs. Specifically, for SSBs, which have the strongest 
evidence base for their detrimental health effects, and which can be relatively easily targeted by taxation strategies 
or levies, policies targeting the wider environment are promising techniques to achieve substantial population 
level health gains66. With the recent rise of national governments and jurisdictions worldwide enacting these fiscal 
measures, the results from the present study suggest these initiatives might be particularly effective in adolescent 
populations.
References
 1. Popkin, B. M. & Hawkes, C. Sweetening of the global diet, particularly beverages: patterns, trends, and policy responses. Lancet 
Diabetes Endocrinol. https://doi.org/10.1016/S2213-8587(15)00419-2 (2015).
 2. Mattes, R. Fluid calories and energy balance: the good, the bad, and the uncertain. Physiol. Behav. 89, 66–70 (2006).
 3. British Soft Drink Association. Leading the way - Annual Report 2016 - British Soft Drinks Association. at http://www.
britishsoftdrinks.com/write/MediaUploads/Publications/BSDA_Annual_report_2016.pdf (2016).
 4. Popkin, B. M. Patterns of beverage use across the lifecycle. Physiol. Behav. 100, 4–9 (2010).
 5. Wang, Y. C., Bleich, S. N. & Gortmaker, S. L. Increasing caloric contribution from sugar-sweetened beverages and 100% fruit juices 
among US children and adolescents, 1988–2004. Pediatrics 121, e1604–14 (2008).
 6. Ng, S. W., Ni Mhurchu, C., Jebb, S. A. & Popkin, B. M. Patterns and trends of beverage consumption among children and adults in 
Great Britain, 1986–2009. Br. J. Nutr. 108, 536–51 (2012).
 7. Han, E. & Powell, L. M. Consumption Patterns of Sugar-Sweetened Beverages in the United States. J. Acad. Nutr. Diet. 113, 43–53 
(2013).
 8. Hawkes, C. et al. Smart food policies for obesity prevention. Lancet 385, 2410–21 (2015).
 9. Fildes, A. et al. Nature and nurture in children’s food preferences. Am. J. Clin. Nutr. 99, 911–7 (2014).
 10. Breen, F. M., Plomin, R. & Wardle, J. Heritability of food preferences in young children. Physiol. Behav. 88, 443–7 (2006).
 11. Smith, A. D. et al. Genetic and environmental influences on food preferences in adolescence. Am. J. Clin. Nutr. 104, ajcn133983 
(2016).
 12. Keskitalo, K. et al. Genetic and environmental contributions to food use patterns of young adult twins. Physiol. Behav. 93, 235–42 
(2008).
 13. van den Bree, M. B., Eaves, L. J. & Dwyer, J. T. Genetic and environmental influences on eating patterns of twins aged >/ = 50 y. Am. 
J. Clin. Nutr 70, 456–65 (1999).
 14. Pallister, T. et al. Food Preference Patterns in a UK Twin Cohort. Twin Res. Hum. Genet. 18, 793–805 (2015).
 15. Luciano, M., Kirk, K. M., Heath, A. C. & Martin, N. G. The genetics of tea and coffee drinking and preference for source of caffeine 
in a large community sample of Australian twins. Addiction 100, 1510–7 (2005).
 16. Vink, J. M., Staphorsius, A. S. & Boomsma, D. I. A genetic analysis of coffee consumption in a sample of Dutch twins. Twin Res. 
Hum. Genet. 12, 127–31 (2009).
 17. Haworth, C. M. A., Davis, O. S. P. & Plomin, R. Twins Early Development Study (TEDS): a genetically sensitive investigation of 
cognitive and behavioral development from childhood to young adulthood. Twin Res. Hum. Genet. 16, 117–25 (2013).
 18. Price, T. S. et al. Infant zygosity can be assigned by parental report questionnaire data. Twin Res 3, 129–133 (2000).
 19. Plomin, R., DeFries, J. C., Knopik, V. S. & Neiderheiser, J. Behavioral Genetics. (Palgrave Macmillan, at https://books.google.com/
books?hl=en&lr=&id=IWYdBQAAQBAJ&pgis=1 (2013).
 20. McGue, M. & Bouchard, T. J. Adjustment of twin data for the effects of age and sex. Behav. Genet. 14, 325–343 (1984).
www.nature.com/scientificreports/
9SCieNTiFiC RepoRTS | 7: 16822  | DOI:10.1038/s41598-017-17020-x
 21. Neale, M. & Cardon, L. Methodology for Genetic Studies of Twins and Families. (Springer Science & Business Media, at https://books.
google.com/books?hl=en&lr=&id=vVzDmDv6WDkC&pgis=1 (1992).
 22. R Core Team. R: A language and environment for statistical computing (2015).
 23. Boker, S. et al. OpenMx: An Open Source Extended Structural Equation Modeling Framework. Psychometrika 76, 306–317 (2011).
 24. Nussbaum, R. L., McInnes, R. R. & Willard, H. F. Thompson &Thompson - Genetics in Medicine. (Elsevier Health Sciences, 2015).
 25. Garrett, B. E. & Griffiths, R. R. Physical dependence increases the relative reinforcing effects of caffeine versus placebo. 
Psychopharmacology (Berl). 139, 195–202 (1998).
 26. Yang, A., Palmer, A. A. & de Wit, H. Genetics of caffeine consumption and responses to caffeine. Psychopharmacology (Berl). 211, 
245–57 (2010).
 27. Hwang, L.-D. et al. A Common Genetic Influence on Human Intensity Ratings of Sugars and High-Potency Sweeteners. Twin Res. 
Hum. Genet. 1–7, https://doi.org/10.1017/thg.2015.42 (2015).
 28. Keskitalo, K. et al. Sweet taste preferences are partly genetically determined: identification of a trait locus on chromosome 16. Am. J. 
Clin. Nutr. 86, 55–63 (2007).
 29. Eny, K. M., Wolever, T. M., Corey, P. N. & El-Sohemy, A. Genetic variation in TAS1R2 (Ile191Val). is associated with consumption 
of sugars in overweight and obese individuals in 2 distinct populations. Am. J. Clin. Nutr. 92, 1501–1510 (2010).
 30. Fushan, A. A., Simons, C. T., Slack, J. P., Manichaikul, A. & Drayna, D. Allelic Polymorphism within the TAS1R3 Promoter Is 
Associated with Human Taste Sensitivity to Sucrose. Curr. Biol. 19, 1288–1293 (2009).
 31. Zhao, G. Q. et al. The receptors for mammalian sweet and umami taste. Cell 115, 255–66 (2003).
 32. Hwang, L. D. et al. Is the association between sweet and bitter perception due to genetic variation? Chem. Senses 41, 737–744 (2016).
 33. Paulsen, M. M., Myhre, J. B. & Andersen, L. F. Beverage Consumption Patterns among Norwegian Adults. Nutrients 8, (2016).
 34. Vereecken, C. A., Inchley, J., Subramanian, S. V., Hublet, A. & Maes, L. The relative influence of individual and contextual socio-
economic status on consumption of fruit and soft drinks among adolescents in Europe. Eur. J. Public Health 15, 224–232 (2005).
 35. Plomin, R. Commentary: Why are children in the same family so different? Non-shared environment three decades later. Int. J. 
Epidemiol. 40, 582–92 (2011).
 36. Cowart, B. J., Yokomukai, Y. & Beauchamp, G. K. Bitter taste in aging: Compound-specific decline in sensitivity. Physiol. Behav. 56, 
1237–1241 (1994).
 37. Mojet, J. & Köster, E. P. Texture and flavour memory in foods: An incidental learning experiment. Appetite 38, 110–117 (2002).
 38. Heckman, M. A., Sherry, K. & De Mejia, E. G. Energy Drinks: An Assessment of Their Market Size, Consumer Demographics, 
Ingredient Profile, Functionality, and Regulations in the United States. Compr. Rev. Food Sci. Food Saf. 9, 303–317 (2010).
 39. Özen, A. E., del Mar Bibiloni, M., Pons, A. & Tur, J. A. Fluid intake from beverages across age groups: A systematic review. J. Hum. 
Nutr. Diet. 28, 417–442 (2015).
 40. Davy, B. M., Jahren, A. H., Hedrick, V. E. & Comber, D. L. Association of δ13C in fingerstick blood with added-sugar and sugar-
sweetened beverage intake. J. Am. Diet. Assoc. 111, 874–8 (2011).
 41. Bratteby, L. E., Sandhagen, B., Fan, H., Enghardt, H. & Samuelson, G. Total energy expenditure and physical activity as assessed by 
the doubly labeled water method in Swedish adolescents in whom energy intake was underestimated by 7-d diet records. Am. J. Clin. 
Nutr. 67, 905–11 (1998).
 42. Griffioen-Roose, S., Hogenkamp, P. S., Mars, M., Finlayson, G. & de Graaf, C. Taste of a 24-h diet and its effect on subsequent food 
preferences and satiety. Appetite 59, 1–8 (2012).
 43. Martin, C. K. et al. Change in food cravings, food preferences, and appetite during a low-carbohydrate and low-fat diet. Obesity 
(Silver Spring). 19, 1963–70 (2011).
 44. Nielsen, S. J. & Popkin, B. M. Changes in beverage intake between 1977 and 2001. Am. J. Prev. Med. 27, 205–210 (2004).
 45. Mesirow, M. S. C. & Welsh, J. A. Changing Beverage Consumption Patterns Have Resulted in Fewer Liquid Calories in the Diets of 
US Children: National Health and Nutrition Examination Survey 2001-2010. J. Acad. Nutr. Diet. 115, 559–566.e4 (2015).
 46. NHS Digital. Health Survey for England - 2015: Adult overweight and obesity. at http://content.digital.nhs.uk/article/2021/Website-Se
arch?productid=23711&q=adult+overweight&sort=Relevance&size=10&page=1&area=both#top (NHS Digital, 2015).
 47. Haworth, C. M. A., Dale, P. & Plomin, R. A Twin Study into the Genetic and Environmental Influences on Academic Performance 
in Science in nine-year-old Boys and Girls. Int. J. Sci. Educ. 30, 1003 (2008).
 48. Conley, D., Rauscher, E., Dawes, C., Magnusson, P. K. E. & Siegal, M. L. Heritability and the Equal Environments Assumption: 
Evidence from Multiple Samples of Misclassified Twins. Behav. Genet. 43, 415–426 (2013).
 49. Shim, J.-S., Oh, K. & Kim, H. C. Dietary assessment methods in epidemiologic studies. Epidemiol. Health 36, e2014009 (2014).
 50. Duffy, V. B., Hayes, J. E., Sullivan, B. S. & Faghri, P. Surveying food and beverage liking: a tool for epidemiological studies to connect 
chemosensation with health outcomes. Ann. N. Y. Acad. Sci. 1170, 558–68 (2009).
 51. World Health Organization. Population-based prevention strategies for childhood obesity: report of a WHO forum and technical 
meeting. at http://www.who.int/dietphysicalactivity/childhood/child-obesity-eng.pdf (2010).
 52. Singh, A. S., Mulder, C., Twisk, J. W. R., Van Mechelen, W. & Chinapaw, M. J. M. Tracking of childhood overweight into adulthood: 
a systematic review of the literature. Obes. Rev. 9, 474–488 (2008).
 53. Simmonds, M. et al. The use of measures of obesity in childhood for predicting obesity and the development of obesity-related 
diseases in adulthood: A systematic review and meta-analysis. Health Technol. Assess. (Rockv). 19 (2015).
 54. Allman-Farinelli, M. A., Chey, T., Bauman, A. E., Gill, T. & James, W. P. T. Age, period and birth cohort effects on prevalence of 
overweight and obesity in Australian adults from 1990 to 2000. Eur. J. Clin. Nutr. 62, 898–907 (2008).
 55. Votruba, S. B. et al. Weight maintenance from young adult weight predicts better health outcomes. Obesity 22, 2361–2369 (2014).
 56. Calvert, S. L. & Calvert, S. L. Children as Consumers: Advertising and Marketing. Futur. Child. 18, 205–234 (2017).
 57. Freeman, B., Kelly, B., Vandevijvere, S. & Baur, L. Young adults: Beloved by food and drink marketers and forgotten by public health? 
Health Promot. Int. 49, 1–8 (2015).
 58. Pechmann, C., Levine, L., Loughlin, S. & Leslie, F. Impulsive and Self-Conscious: Adolescents’ Vulnerability to Advertising and 
Promotion. J. Public Policy Mark. 24, 202–221 (2005).
 59. Bishop, J. D. Is Self-Identity Image Advertising Ethical? Bus. Ethics Q. 10, 371 (2000).
 60. Nelson, M. C., Story, M., Larson, N. I., Neumark-Sztainer, D. & Lytle, L. A. Emerging Adulthood and College-aged Youth: An 
Overlooked Age for Weight-related Behavior Change. Obesity 16, 2205–2211 (2008).
 61. Fildes, A., van Jaarsveld, C. H. M., Wardle, J. & Cooke, L. Parent-administered exposure to increase children’s vegetable acceptance: 
a randomized controlled trial. J. Acad. Nutr. Diet. 114, 881–8 (2014).
 62. Wardle, J., Herrera, M.-L., Cooke, L. & Gibson, E. L. Modifying children’s food preferences: the effects of exposure and reward on 
acceptance of an unfamiliar vegetable. Eur. J. Clin. Nutr. 57, 341–8 (2003).
 63. Bartolotto, C. Does Consuming Sugar and Artificial Sweeteners Change Taste Preferences? Perm. J. 19, 81–4 (2015).
 64. Wise, P. M., Nattress, L., Flammer, L. J. & Beauchamp, G. K. Reduced dietary intake of simple sugars alters perceived sweet taste 
intensity but not perceived pleasantness. Am. J. Clin. Nutr. 103, 50–60 (2016).
 65. World Health Organization. Sugars intake for adults and children - Guideline. at http://www.who.int/nutrition/publications/
guidelines/sugar_intake_information_note_en.pdf?ua=1 (2015).
 66. Briggs, A. D. M. et al. A health impact assessment of the UK soft drinks industry levy: a comparative risk assessment modelling 
study. Lancet Public Heal. 2, e15–e22 (2017).
www.nature.com/scientificreports/
1 0SCieNTiFiC RepoRTS | 7: 16822  | DOI:10.1038/s41598-017-17020-x
Acknowledgements
TEDS is supported by a program grant to Professor Robert Plomin from the United Kingdom Medical Research 
Council (MRC) (Grant: MR/M021475/1, and previously Grant G0901245 and Grant G0500079), with additional 
support from US National Institutes of Health Grants HD044454 and HD059215.
Author Contributions
A.S., C.H.L., A.F., L.C., S.F. designed research; A.S., C.H.L., A.F. conducted the research; A.S. performed statistical 
analysis; A.S., C.H.L., S.F., A.F., L.C. wrote the paper; A.S. had primary responsibility for final content. All authors 
read and approved the final manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-17020-x.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
